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D. D. CLEARY 
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A rocket measurement of thermospheric nitric oxide (NO) is used to evaluate the production of odd 
nitrogen by solar soft X rays (18-50 /•). The rocket observation was performed over White Sands 
Missile Range on November 9, 1981, at 1500 LT for solar maximum conditions (F10.7 = 233). The 
peak observed NO density was 6.3 x 107 cm -3 at 102 km. A photochemical model which included soft 
X rays was used for comparison with the data. The soft X rays create photoelectrons which lead to 
enhanced ionization of N2 and thus increased odd nitrogen production. A good fit to the data was 
achieved using a soft X ray flux of 0.75 erg cm-2 s-1. 
INTRODUCTION 
Nitric oxide (NO) is an important trace constituent in the 
Earth's therrnosphere. It is both chemically and radiatively 
active and thus plays an important role in determining the 
composition and structure of the atmosphere above 100 km 
[Roble and Emery, 1983; Roble et al., 1987]. It is also 
thought [Solomon et al., 1982] that NO may be transported 
down from the thermosphere to the stratosphere where it can 
react with ozone. 
The emission of NO in the (1,0) gamma band near 2150/!, 
is one of the brightest features of the Earth's ultraviolet 
spectrum and thus allows the NO density to be inferred from 
rocket or satellite observations. This technique was pio- 
neered by Barth [1964] and has since been used to observe 
NO from the O130 4, Atmosphere Explorer (AE) C and D, and 
Solar Mesosphere Explorer (SME) satellites [Rusch and 
Barth, 1975; Cravens and Stewart, 1978; Stewart and 
Cravens, 1978; Cravens et al., 1985; Barth et al., 1988; 
Siskind et al., 1989a, b] as well as from a number of rockets 
[e.g., Thomas, 1978; McCoy, 1983; Ogawa et al., 1984; 
Cleary, 1986]. These measurements have shown that the 
peak of the NO layer is generally in the range 100-120 km 
and that the value of the NO density at the peak is quite 
variable. Barth et al. [1988] showed from 5 years of SME 
observations that equatorial NO at 110 km varied by a factor 
of 8 from 3 x 107 cm-3 at solar cycle maximum in 1982 to 4 
x 106 cm -3 at solar cycle m'mimum in 1986. In addition, the 
NO varied with the 27-day period of solar rotation. 
Theoretical investigations of thermospheric NO [e.g., Nor- 
ton and Barth, 1970; Rusch, 1973; Oran et al., 1975; 
Cravens et al., 1979; Rees and Roble, 1979; Gerard et al., 
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1984] have identified the reactions of N(2D) and N(4S) with 
0 2 as the primary sources of thermospheric NO. While N(2D) 
reacts rapidly with 0 2, the N(4S) reaction is slow at ambient 
E region temperatures (<400 K) although it is strongly 
temperature dependent. The primary loss of NO is through 
the reaction with N(4S) to re-form N 2 with an additional loss 
process being the charge transfer from 02 + to NO + . Thus the 
NO density is sensitive to the balance between N(2D) and 
N(4S), with the former being a source and the latter being 
largely, although not entirely, a sink. Among the principal 
sources of N(2D) are the reactions 
N2 + + O ---> N(2D) + NO + (1) 
and 
NO + + e- ---> N(2D) + O (2) 
The yield of N(2D) in reaction (1) is near 100% and in 
reaction (2), 75%. Since reaction (1) is a major source of 
the NO + in reaction (2), we see that taken together, the pro- 
duction of N(2D) by both reactions i  closely tied to the ion- 
ization of N2. Direct dissociation of N2 can also occur, 
either by solar photons or by photoelectron impact; how- 
ever, as we have discussed previously [Siskind et al., 1989a, 
b], the yield of N(2D) from those processes i uncertain. In 
any event, to model NO at the peak of the layer, one must 
have a good model for the deposition of solar energy in the 
atmosphere and the resulting ionization of N2 at altitudes 
near 110 km. 
Much of our current knowledge about the flux of ionizing 
radiation from the Sun comes from the measurements made 
by the AE satellite [Torr and Torr, 1985; Hinteregger et al., 
1981] which extended from 140 /• to 1850 /•. As discussed 
by Richards and Torr [1988] [see also Banks and Kockarts 
1973], most of the ionizing solar flux is absorbed at F 
region altitudes (>150 km). The only ionizing flux which 
penetrates to the E region includes the relatively long wave- 
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lengths (>911 /•) which ionize 02 but not N2 or O, and the trum was synthesized by calculating the full rotational struc- 
short wavelengths (<200 /•). Since AE did not measure the ture. The synthetic molecular band is composed of 480 
flux below 140 /• and since few other data exist for those rotational lines (40 lines for each of the 12 branches). The 
wavelengths [Barth et al., 1988; Feng et al., 1989], our Franck-Condon factors, Honl-London factors, and solar 
knowledge of the N 2 ionization rate (and therefore the N(2D) fluxes used to determine the relative intensities of each of 
and NO production rates) remains poor at precisely those these lines were taken from Spindler et al. [1970], Earls 
altitudes where the NO peaks. 
To explain the coupling between solar activity and the 
low-latitude density of nitric oxide at 110 kin, Barth et al. 
[1988] noted that photoelectrons will be produced by solar 
photons in the 20-100/• region which are absorbed near 110 
kin. They proposed that these photoelectrons produce N(2D) 
atoms which in turn produce nitric oxide molecules. Fur- 
thermore, they suggested that the solar 20-100/• soft X rays 
vary with an amplitude that is greater than the amplitude of 
the variation of the solar extreme ultraviolet radiation in the 
911-1027 /• range which also penetrates to the 110-km alti- 
tude region. 
In this paper, we attempt to determine the magnitude of 
the soft X ray flux needed to model the nitric oxide density 
at low latitudes during a time of high solar activity. The 
nitric oxide was measured in a rocket experiment launched at 
the White Sands Missile Range (latitude 32øN, longitude 
106øW) on November 9, 1981, when the solar 10.7-cm radio 
flux was 233 [Barth and Steele, 1982]. The model used is 
that developed by Cleary [1986] which in its initial appli- 
cations did not include a significant solar soft X ray flux. 
[1935], and Mount and Rottrnan [1983] respectively. The 
rotational temperature used at each altitude was the local 
temperature obtained from the MSIS-86 model atmosphere 
[Hedin, 1987]. 
The N + and NO synthetic spectra were convolved with the 
instrument response function prior to fitting. The synthetic 
spectra were fit to the data by minimizing the chi-square 
deviation. The resulting NO intensity profile from 100 to 
200 km is shown here in Figure la. The error bars reflect the 
random errors associated with fitting the N II and NO spectra. 
Since the two emissions are of comparable intensity at 200 
km, the errors are greatest here. The systematic error due to 
the uncertainty in the instrument sensitivity as determined 
from preflight calibration is about 20%. Due to the high 
count rates which result from the use of a multianode 
detector, the uncertainty due to counting statistics is negli- 
gible (<2%). Nitric oxide column densities were obtained 
directly from Figure la upon division by the (1,0) gamma 
band g factor: go,o) = 7.68 x 10 '6 [Cravens, 1977]. 
The NO column density profile was inverted to produce a 
volume density profile using a standard "onion skin" inver- 
EXI'EmMENTAL DATA 
The middle ultraviolet dayglow between 2070 and 2178 /!• 
was measured with an ultraviolet spectrometer flown on a 
NASA Taurus-Orion sounding rocket. The rocket was 
launched from White Sands Missile Range on November 9, 
1981, at approximately 1500 LT (2151:41 UT). The rocket 
was equipped with an attitude control system which pointed 
the spectrometer horizontally. The observation zenith angle 
(OZA) during this part of the flight was 88 ø. The solar 
zenith angle (SZA) at the time of launch was 66 ø. Observa- 
tions were made between 100 and 210 km. 
The instrument used in this experiment was a 250-mm 
focal length Ebert-Fastie spectrometer with a 250-mm focal 
length off-axis telescope. This spectrometer is of the type 
developed for the Mariner missions to Mars [Barth et al., 
1971]. The diffraction grating had a ruling density of 2160 
lines/mm which resulted in a dispersion at the focal plane of 
18 Jhtmm. The multichannel detector [Barth and Steele, 
1982] consisted of an array of 60 anodes spaced 100 •tm 
apart. This produced a spectral sampling interval of 1.8 /•. 
The entire anode array was sampled every 51.2 ms. 
Nitric oxide densities were derived from the (1,0) gamma 
band (A 2v.+. X 2n) at 2150 /•. Because this emission is 
contaminated by the N + doublet emission at 2143 /• [Barth 
and Steele, 1982], a synthetic-spectrum-fitting algorithm was 
employed. This technique has been described in detail by 
Cleary and Barth [1987] and is summarized here. The 
observed spectra were first summed into 5-km-altitude bins 
from 100 to 210 km, yielding 22 separate spectra. The 
2143-][ doublet was synthesized by two delta functions at 
2139.68 and 2143.45 /I[ [Eriksson, 1958]. The ratio of the 
intensity of the two lines is 107:48 based on the lifetimes 
of the 5S 2 -aP2 and 5S 2 -3P 1 transitions as calculated by 
Hibbert and Bates [1981]. 
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Fig. 1. (a) Slant column emission intensity for the NO (1,0) 
The NO (1,0) gamma band spec- gamma band. (b) Corresponding NO density profile after inversion. 
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sion [e.g., Cleary, 1986]. The results are shown in Figure 
lb. The largest source of error results from the amplification 
of errors in the radiance profile by the inversion process. 
Through numerous simulations, we have estimated this 
amplification factor to be approximately equal to 2. Thus a 
10% uncertainty in the radiance will lead to about a 20% 
uncertainty in the densities. There is an additional source of 
error at the highest altitudes due to an uncertainty in the 
upper boundary condition for the inversion, i.e., the amount 
of NO at altitudes above apogee. 
MODEL CALCULATIONS 
The model we use is a one dimensional photochemical 
model first described by Cleary [1986], and more recently 
used by Siskind et al. [1989a, b] to model the response of 
thermospheric NO to an auroral storm. The model calculates 
the vertical profiles of NO, N(4S) and N(2D) and the ionic 
species (NO*, O2', N2*, O*, N* and O*(2D)). Molecular and 
eddy diffusion is included for the NO and N(4S) calculations 
while photochemical equilibrium is assumed for the other 
species. The neutral atmosphere is specified by the MSIS-86 
empirical model [Hedin, 1987]. The MSIS model uses the 
10.7-cm solar flux (F10.7) as an indicator of solar EUV 
activity and the Ap index as a measure of geomagnetic activ- 
ity. The photochemical model also uses F10.7 to 
parameterize the input of solar EUV radiation (from 50 - 
1050/•) as described byTorr et al. [1979] and Torr and Torr 
[1985]. An additional source of ionization results from the 
production of energetic photoelectrons. Our model uses the 
Strickland and Meier [1982] code, with updated cross 
sections from Conway [1988], to calculate the photoelectron 
spectrum. The energy grid in this code has been extended up 
to 450 eV [Conway et al., 1987], which allows for a more 
accurate representation of the effects of high-energy 
photons. 
In addition to the solar EUV flux we have included a soft X 
ray component which extends from 18-50 /•. This is taken 
from the solar reference spectrum labeled SC21REFW which 
is available from the National Space Science Data Center 
(NSSDC). The total energy flux from 18-50 /• in this 
reference spectrum is 0.015 erg cm '2 s '1 and is intended to be 
representative of solar minimum conditions. The problem is 
to infer the amount by which this flux must be increased for 
the solar maximum conditions of the rocket experiment. 
Given the paucity of data on the solar flux at these 
wavelengths, our approach is to use the magnitude of the 
reference flux as a free parameter and then simply scale it 
upward until the photochemical calculation fits the NO 
measurement. 
We have found that the X ray scaling needed to fit the NO 
data implies that the soft X rays are a major source of ion- 
ization in the E region at solar maximum. This is shown in 
Figure 2, which presents the total ionization rates (from 
both EUV and soft X rays) of N 2 and 0 2 for two assumed 
values of the soft X ray flux. In both panels the EUV flux is 
calculated using an F10.7 value of 233 (appropriate for the 
day of the experiment) and the scaling parameterizations 
given by Tort et al. [1979] and Tort and Tort [1985]. The 
solar zenith angle is 66 ø. In Figure 2a, the soft X ray flux is 
left at the solar m'mimum value (X ray scaling = 1) given by 
the SC21REFW reference spectrum. For this case, the largest 
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Fig. 2. Model calculations of ionization rates for N 2 (solid lines) 
and 0 2 (dotted lines). (a) Soft X ray scaling = 1. (b) Soft X ray scal- 
ing = 50. See text for definition of scaling factor. 
ionization of 02 by Lyman [t (1027 /•). Since Lyman [5 is too 
low in energy to ionize N2, the only source of N2 ionization 
is from shorter EUV wavelengths which are largely absorbed 
at F region altitudes above 150 km. 
Figure 2b presents the ionization rates using a soft X ray 
scaling factor of 50 (energy flux = 0.75 erg cm '2 s-a). This 
scaling was determined by the fit to the observed NO profile 
to be discussed below. Because the cross sections of N2, 02 
and O are lower at the shortest wavelengths [Richards and 
Tort, 1988], the soft X rays penetrate to the lower thenno- 
sphere where they produce a large increase in the N2 
ionization rate. The 02 ionization, still being determined by 
the Lyman [5 flux, is only increased slightly. Therefore, the 
net effect of the soft X rays is to increase the production of 
N2 + relative to O2 +. 
This increase in the N 2 ionization rate is largely due to 
photoelectron impact rather than direct photoionization. 
This is shown in Figure 3, which compares the direct solar 
photoionization of N2 with that from photoelectrons for the 
profile shown in Figure 2b (X ray scaling = 50). At 200 km, 
the photoelectrons only add 40% to the total ionization rate. 
With decreasing altitude, the contribution from photo- 
electrons increases until, at 105 km, the photoelectrons pro- 
duce 10 times more ionization than does direct 
photoionization. The increase in the photoelectron impact 
ionization rate is because the soft X rays (which have low 
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Fig. 3. Components of N 2 ionization rate for soft X ray scaling = 
50. The solid line is due to direct photoionization. The dotted line is 
due to photoelectron impact. 
flux but high energies) contribute relatively little to the 
direct photoionization rate but dominate the production of 
photoelectrons. Richards and Torr [1988] have recently 
calculated the ratio of the photoelectron impact rate to 
photoionization rate and present results similar to ours; 
however, because their photoelectron calculation truncated at 
100 eV, they were unable to present any results below 120 
kin. Our calculation here demonstrates that an accurate 
representation of the production of photoelectrons by soft X 
rays must be an important component of any model of 
ionization of the lower thermosphere/ionosphere. 
We have evaluated the effect that the soft X rays will have 
on the calculated NO profile by using the solar fluxes 
described above in our time-dependent photochemical model. 
Results appropriate to 1500 LT for both low and high values 
of the soft X rays (scaling = 1 and 50, respectively) are 
compared with the rocket observations in Figure 4. We 
clearly see that in the absence of soft X rays, the calculated 
NO peaks at 125 km and diverges sharply from the data for 
lower altitudes. With the soft X rays added to the model, the 
enhanced N2 ionization produces more N(2D) and hence more 
NO. The agreement with the data is now near perfect 
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Fig. 4. Comparison of photochemical model calculations (solid 
lines) with observed NO density for two values of soft X ray scaling 
(1 and 50, as indicated in figure). 
Above 170 km, the model begins to overestimate the data 
and shows a somewhat greater scale height. While the uncer- 
tainty in the data is larger at these altitudes, the discrepancy 
may also imply a cooler thermosphere than indicated by the 
MSIS model. We have calculated the NO distribution using 
the MSIS model with a daily F10.7 value of 193. This leads 
to a drop in the temperature at 200 km of 90 K. We have 
also increased the soft X rays slightly from Figure 4 (X ray 
scaling = 60) The resulting NO profiles are shown in Figure 
5. The NO is slightly decreased at the higher altitudes 
because the cooler temperatures reduce the temperature 
dependent N(4S) + 02 source of NO. The fit to the data at 
both high and low altitudes is somewhat improved. 
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Fig. 5. Comparison of two photochemical model calculations with 
observed NO density. The solid line is the same as the X ray scaling 
= 50 curve in Figure 4. The dotted line results from the use of a 
cooler thermosphere (see text) and an X ray scaling factor of 60. 
An additional discrepancy may lie at the lowest altitudes. 
Our calculations how a peak in the NO layer at 105 km 
whereas the data continue to increase down to the lowest 
altitude of 102 kin. One possibility is that horizontal trans- 
port of NO from the auroral zone is contributing to the NO 
seen by the rocket. Due to the absence of information on the 
circulation of the lower thermosphere, we cannot definitively 
rule this out; however, Killeen and Roble [1986] have studied 
the trajectories followed by air parcels in the National Center 
for Atmospheric Research thermospheric general circulation 
model. They found that few escaped to lower latitudes 
although such escape did occasionally occur. Furthermore, 
Siskind et al. [1989a] have shown that many of the observed 
features of the NO response to an aurora can be satisfactorily 
explained without resort to horizontal transport. 
Alternatively, there may be an uncertainty in the ion 
composition, i.e., our model may still be overestimating the 
02 + density iSiskind and Barth, 1988] and thus the loss rate 
of NO via charge transfer. We are currently investigating this 
hypothesis. 
SE•srnvrrY STUDmS 
In this section, we investigate the sensitivity of our soft 
X ray scaling to uncertainties in the NO chemical scheme. 
We first consider the eddy diffusion coefficient (Kzz) for 
which the proposed values for 100 km range from a few 
times 105 [Allen et al., 1981] up to 107 cm 2 s -1 [Ebel, 
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1980]. In our calculations, we have adopted a compromise 
value of 106 , independent of altitude. For values less than 
this (i.e., the Allen et al. [1981] values), our results were 
unaffected. For values greater than this, the enhanced iffu- 
sion increases the loss of NO downward out of the thermo- 
sphere. This is shown in Figure 6. The solid line is the 
model calculation using a value for Kzz = 10?. Compared 
with the curves in Figure 5, the peak NO density is reduced 
by a factor of 2, and the fit to the data is poor. The dotted 
line is for Kzz = 10 ? but for an X ray scaling factor of 100 
(1.5 erg cm '2 s'l). This curve shows that the use of an even 
greater X ray source than in Figure 5 can compensate forthe 
enhanced diffusive loss. We note that recent estimates of Kzz 
[Gotdiets et al., 1982; Strobel et al., 1987] suggest hat 
values approaching 10 ? may be unrealistically high. If that 
is the case, the very high X ray source associated with the 
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Fig. 6. Sensitivity of model calculations to the eddy diffusion 
coefficient. The solid line is for Kzz = 107 cm2 s-1 and an X ray 
scaling factor of 50. The dotted line is for Kzz = 10 ? and X ray 
scaling = 100. The stars are the data. 
An additional uncertainty is in the N(2D) + O quenching 
rate coefficient. Recently, Jusinski et al. [1988] have 
reported a very large rate coefficient for this reaction, in 
excess of 10 '11 cm 3 s '1. Fesen et al. [1989] and Siskind et 
al. [1989a, b] have shown that such a large rate is 
incompatible with our current understanding of thermospheric 
NO chemistry because it renders inoperative the N(2D) + 0 2 
source of NO. More recent laboratory work by Cummings and 
Piper [1989] suggests a lower value for the quenching rate 
coefficient of I x 10 '12. However, a smaller discrepancy still 
remains between this value and the value used in our model 
of 5 x 10' ! 3 cm3 s'l wl•ich comes from aeronomic studies 
[Frederick and Rusch, 1977]. The effect of the Cummings and 
Piper rate is shown in Figure 7. The solid line in the figure 
is for a quenching of I x 10 '12 and an X ray scaling of 50. 
As can be seen, even a relatively small increase in the N(2D) 
quenching leads to a significant decrease in the calculated 
NO. Part of this decrease can be somewhat compensated for 
by using increased X rays. The dotted line in the figure is for 
the same quenching rate as the solid curve, but with the X 
ray scaling increased 'to100., The X rays ,lead to increased 
N(2D) and NO formation below 120 krn and improve the fit 
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Fig 7. Sensitivity of model calculations to the N(2D)+ O 
quenching rate. The solid line is for a rate coefficient = 1 x 10-12 
cm3 s-1 and an X ray scaling factor of 50. The dotted line is for the 
same rate coefficient but an X ray scaling = 100. The stars are the 
data. 
discrepancy between 120 and 140 km. Of course, as was 
shown by Siskind et al. [1989a], a definitive value for the 
N(2D) quenching is difficult to infer from photochemical 
modeling of a single NO profile. This is due to the 
sensitivity of such a conclusion to uncertainties in atmo- 
spheric composition and temperature. 
A third uncertainty is the yield of N(2D) from the dissoci- 
ation of N 2 from photoelectron impact. We have used a value 
of 0.6 in these calculations. The sensitivity of NO to this 
parameter is discussed elsewhere [Siskind et al., 1989a, b]. 
Here we simply note that we can directly compensate for a 
different yield by varying the soft X ray scaling. Thus a 
yield of 0.5 and an X ray scaling of 65 produce the same fit 
to the data as a yield of 0.7 and an X ray scaling of 40. 
To summarize, our inferred soft X ray scaling is sensitive 
to the assumed values of Kzz the N(2D) quenching rate, and to 
a lesser extent, the N(2D) yield from photoelectron impact 
dissociation of N 2. We have used Kzz = 106 cm 2 s 'l, an N(2D) 
rate coefficient of 5 x 10 -13 cm 3 s 'l, and an N(2D) yield of 
0.6. For a higher eddy diffusion, faster N(2D) quenching or a 
smaller N(2D) yield, we would require a greater soft X ray 
flux, up to 1.5 erg cm -2 s -1, in order to fit the NO 
observations. 
DISCUSSION 
We have satisfactorily modeled the observed NO profile by 
arbitrarily scaling the solar flux in the 18-50 • region 
upward by a factor of 50 over the solar minimum value, 
subject to the uncertainties di cussed in the last section. This 
implies a variation i the total energy flux in the 18-50 
region from 1.5 x 10-2 erg cm-2 s-! at solar n'mimum to0.75 
erg cm -2 s-! on the day of the rocket experiment. 
Furthermore, we assumed that the EUV flux (5'0-1050 
increased by only a factor of 3 or 4, in accordance with the 
reference spectra of Tort and Tort [1985]. 
While our fit to the data is most likely not unique, our 
inferred soft X ray flux can be compared against ome of the 
rocket observations that have been made. For example, on 
the basis of an Air Force Geophysics Labora[ory rocket 
observation made on August 14, 1979 (see Tort and Tort 
4316 SISKIND ET AL.: BRIEF RETORT 
[1985] for a description), Hinteregger et al. [1981] devised 
an algorithm which allows extrapolation of the soft X ray 
flux to other levels of solar activity. The inferred flux for an 
F10.7 of 243 is incorporated in the NSSDC reference 
spectrum labeled F79050. In this file, the integrated energy 
flux from 18-50 /• equals 0.14 erg cm '2 s 'l, a factor of 5 
lower than our value. However, Richards and Torr [1984] 
have presented evidence that the fluxes given by Hinteregger 
in the SC21REFW spectrum for wavelengths le s than 250/• 
are too low. They argue that to overcome an inconsistency 
with measured photoelectron fluxes, the short wavelengths of 
the Hinteregger reference spectrum should be increased by a 
factor of 2. 
Recently, Feng et al. [1989] have reanalyzed the results 
from a number of rocket measurements of the solar EUV and 
soft X ray flux. By comparing the solar flux inferred from a 
neon ionization cell [Ogawa and Judge, 1986] to various ref- 
erence spectra, they were able to estimate the solar flux in 
the 20-100 /• wavelength interval. Specifically, for a rocket 
observation on August 10, 1982 (F10.7=210), they deduced a 
photon flux of 1.8 x 109 cm '2 s 'l. Our photochemically 
derived value for an F10.7 of 233 is 2.7 x 109 photons cm '2 
s '1. Given the large uncertainties associated with these 
estimates, such agreement is encouraging. 
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